Differentiated vascular smooth muscle cells (SMCs) retain the capacity to modify their phenotype in response to inflammation or injury. This phenotypic switching is a crucial component of vascular disease, and is partly dependent on epigenetic regulation. An appreciation has been building in the literature for the essential role chromatin remodelling plays both in SMC lineage determination and in influencing changes in SMC behaviour and state. This process includes numerous chromatin regulatory elements and pathways such as histone acetyltransferases, deacetylases, and methyltransferases and other factors that act at SMC-specific marker sites to silence or permit access to the cellular transcriptional machinery and on other key regulatory elements such as myocardin and Kruppel-like factor 4 (KLF4). Various stimuli known to alter the SMC phenotype, such as transforming growth factor beta (TGF-b), plateletderived growth factor (PDGF), oxidized phospholipids, and retinoic acid, appear to act in part through effects upon SMC chromatin structure. In recent years, specific covalent histone modifications that appear to establish SMC determinacy have been identified, while others alter the differentiation state. In this article, we review the mechanisms of chromatin remodelling as it applies to the SMC phenotype.
Introduction
The vascular smooth muscle cell (SMC) plays a vital role in maintenance of vessel homeostasis, blood pressure, and response to injury. These cells evolve during vasculogenesis from migratory, proliferating pericytes secreting extracellular matrix (ECM) proteins and remodelling enzymes investing endothelial tubes into a mature, more quiescent phenotype, characterized by their expression of muscular contractile proteins. 1, 2 Unlike skeletal and cardiac myocytes (which are thought of as 'terminally differentiated' despite their having significant flexibility), mature SMCs retain significant capability to modulate their phenotype in response to a multitude of environmental cues. In particular, the stimuli associated with vascular injury and diseases, such as atherosclerosis, hypertension, aortic aneurysm formation, and post-angioplasty restenosis. 1 -4 These 'de-differentiated' cells down-regulate SMC marker and contractile proteins [e.g. smooth muscle (SM) a-actin, transgelin, SM-myosin heavy chain (MHC)], and may migrate, proliferate, and again secrete ECM and remodelling factors, among other behaviours. The promoter/enhancer regions of these SMC differentiation markers contain common cis elements, among them multiple CC(A/T-rich) 6 GG (CArG) elements and a transforming growth factor (TGF)-b control element. This activity is responsible in large part for many of the specific manifestations of the vascular lesions described above, although it may also help to minimize structural failure of the vessel. The accompanying review by Owens et al. in this issue delves more completely into these aspects of SMC phenotypic change, the variety of forms that such change may take, and many of the mechanisms behind these alterations. In this review, we shall limit our discussion to the role that chromatin remodelling plays in phenotypic switching in vascular SMCs.
As implied above, SMC phenotypic switching is a varied and complex process. Evidence has been steadily accruing that epigenetic regulation is a vital element in the determination of SMC differentiation state, particularly in the areas of histone acetylation and methylation. 5 -7 It is necessary for SMC differentiation that serum response factor (SRF)-an ubiquitous protein capable of activating transcription for many gene subclasses-be allowed to bind to SMC marker promoters and denied to growth and proliferation genes, and that the latter remain silenced, while the cells are quiescent. Just as critical to SMC plasticity is the removal of inhibitory/chromatin compacting complexes from SMC-marker-gene promoters, such as certain histone deacetylases (HDACs) and other factors such as Kruppel-like factor 4 (Klf4). 6 These mechanisms are also well established in skeletal and cardiac muscle differentiation and hypertrophy.
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Chromatin and remodelling
Eukaryotic nucleic DNA is packaged into repeating units of chromatin, composed of nucleosomes. In these particles, 145 -147 DNA base pairs are wrapped around an octameric core that contains two molecules each of histones H2A, H2B, H3, and H4. Higher order structural stabilization of the core is achieved by DNA and by the linker histone H1. 10 -12 The amino-terminal portions of core histones contain flexible protease-sensitive tails, which are evolutionarily conserved sites for numerous post-translational modifications, including acetylation, methylation, phosphorylation, ubiquitylation, and ADP-ribosylation. Any given tail may be modified in multiple ways, in multiple locations. 13 -15 These modifications are correlated with DNA replication, chromatin assembly, and transcription, by permitting or denying access to the cellular machinery responsible for those activities. 11, 16 In general, acetylation of histones is thought to be transcriptionally activating, while mono-, di-, and tri-methylation may cause silencing or activation depending on which particular tail lysine residues are modified. Strahl et al. 17 proposed a 'histone code' through which combinations of specific residue modifications might regulate specific biological outcomes. Numerous enzymes and enzymatic complexes [e.g. histone acetyltransferases (HATs), HDACs, histone methyltransferases, and DNA methyltransferases (HMTs and DNMTs)] are known to regulate transcription through chromatin modification, and various proteins and protein complexes have been identified that 'read' the code and recruit transcription factors or repressors to specific genes. These mechanisms are believed to be partly responsible not only for the wide variety of organ-specific lineages that are found in multicellular organisms, but also for differentiation and transdifferentiation of cells.
Chromatin-based regulation is a key determinant of SMC phenotypic state
While numerous articles have addressed the molecular mechanisms behind SMC lineage determination and differentiation, less information generally is known with regard to the ways in which chromatin remodelling affects these processes. It is clear that large-scale changes in chromatin remodelling-related gene transcription may occur during SMC differentiation. 18, 19 Using microarray profiling of the A404 in vitro model, in which multi-potent P19 A404 cells differentiate into SMC when treated with retinoic acid (RA) over a 96-h time period, our lab found widespread regulation of chromatin modifying and remodelling genes. Within the first 48 h of RA treatment, 17.6% of all chromatin remodelling genes identified on the array by ontology showed significant changes in transcription from untreated cells. This number then dramatically increased by the 96-h treatment time point, to .60%. Interestingly, while the numbers of positively and negatively regulated chromatin remodelling genes started at similar levels at 48 h, by far the majority of the per cent increase was driven by down-regulated genes. These changes represented numerous classes of epigenetic regulators, including HATs, HDACs, HMTs, DNMTs, and others. Notably, there are specific histone modifications that appear to support the SMC lineage and alter the ability of the transcriptional regulator SRF to target SMC marker-gene promoters ( Figure 1 ).
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4. Roles of various chromatin modulatory classes in SMCs
Histone acetyltransferases
HATs are well-characterized, covalent histone modification systems, consisting of several protein families. They are classified into two groups (A or B), depending on their mechanism and location of action. The HAT A family members act in the nucleus, transferring acetyl from acetyl-CoA to an 1-NH2 group of histone N-tails after nucleosome assembly. HAT A family members are further divided into three yeast homology subgroups-the GNAT family (e.g. PCAF, GCN5L, MORF), the MYST family [e.g. p300/CREB-binding protein (CBP), NCOAT, MOZ], and other [e.g. ATF-2, steroid receptor coactivator 1 (SRC-1), TFIIIC]. In contrast, HAT B family members act in the cytoplasm, transferring acetyl groups to free histones prior to inclusion within chromatin formation. 11, 20 Previous research suggests that acetylation of SMC-specific promoter loci is crucial for differentiation. Manabe and Owens examined the A404 in vitro SMC differentiation model. They found that SRF, although highly expressed, did not bind CArG-containing regions of SMC genes within intact, untreated A404 chromatin, but rather to the c-Fos CArG promoter region. RA treatment reversed these binding characteristics, and led to histone hyperacetylation in chromatin associated with SMC CArGs. 5 Subsequently McDonald et al. identified de novo acetyl-H3K9, -H3K14, and -H4 as distinguishing marks in differentiating SMCs (when compared with non-SMCs, such as embryonic stem cells, endothelial cells, skeletal myoblasts, and 10T1/2 embryonic fibroblasts). 6 The acetylation of these locations is likely performed by specific HATs (e.g. p300/CBP) that may also function as co-activators in the process. CBP and p300 (E1A binding protein p300) are paralogues involved in such varied processes as embryonic development, differentiation, proliferation, and apoptosis. 21 Mouse studies have shown them to be ubiquitously expressed during development, and they interact with numerous transcription factors, integrating complex signal transduction pathways. CBP and p300 are necessary factors in skeletal myogenesis and cardiomyogenesis. 9,22 -25 Several studies have indicated that p300 may also be necessary for SMC differentiation, and likely is essential for phenotypic switching. 5,6,26 -30 CBP and p300
are present in limiting amounts in mammalian cells, and it is thought that the ability of signalling pathways to regulate transcription may depend on their ability to compete for these factors. 31 -34 While CBP and p300 are known as HATs, they may themselves act as transcriptional co-factors, and may even acetylate non-histone proteins. 21 The transcriptional SRF co-activator myocardin plays a key, although not entirely indispensible, role in SMC differentiation through binding to CArG-box-containing SMC marker genes. 28,35 -40 SRF has been associated with CBP during c-Fos activation. 41 However, p300 is also able to enhance myocardin activity independent of SRF association. SMC-gene activation by myocardin is enhanced when p300 binds to its transcriptional activation domain. 28 Notably,
while myocardin was found to increase acetylation of H3K9 during SMC differentiation, it did not increase acetyl-H4, implying that a separate factor may assist in this activation step. 6 In addition to its myocardinrelated role p300 also interacts with the SMC differentiation-promoting transcription factor GATA6, and the combination is known to activate the SM-MHC promoter. 29 In our laboratory, we performed studies using a microarray-based approach and the A404 in vitro model of SMC differentiation. 5, 19 In so doing, we found that over half of the genes identified in the literature (72 genes of 130) as part of the p300 interactome underwent significant regulation during differentiation, suggesting that global alterations in p300-based signalling accompany SMC lineage determination. We also showed that direct chemical inhibition of p300 HAT activity substantially decreases (but does not completely arrest) SMC differentiation. Histone acetylation of H3K9, H4, and H3K14 might be attributable to p300. However, as suggested above, interactions between p300 and myocardin likely also occur independently of acetyltransferase activity. Substantial literature suggests that the activity of CBP and p300 depends in part on their phosphorylation state and their regulation by RA receptors. Such signalling may trigger the formation of an 'activated' p300 subpopulation with increased differentiation-gene (rather than growth-gene) specificity, affecting phenotype choice. 33,42 -46 As an example, RA-induced differentiation of F9 cells caused p300 (but not CBP) protein levels to decrease during differentiation, due to increased degradation by the ubiquitin-proteasome pathway. This was accompanied by a significant increase in per-molecule HAT activity, and with protein kinase A-mediated p300 phosphorylation. 46 In a similar vein, A404 SMC differentiation with RA caused a progressive decrease in total p300 protein levels despite only minimal changes in p300 transcription. 19 The same was observed in a model of human SMC re-differentiation using serum starvation, and siRNA knockdown of p300 expression in both models was found to accelerate SMC differentiation. This suggests that triggering of SMC differentiation may depend in part upon a complex combination of decreases in total p300 levels and activating covalent modifications, leading to migration of the factor from growth-based pathways to myocardin-SRF and thence to SMC differentiation-specific genes ( Figure 2 ). There is some suggestion that other HATs might also be involved in SMC phenotypic determination. While several HATs (including CBP) showed significant down-regulation with SMC differentiation, Myst3 showed progressive up-regulation throughout. 18, 19 Little is known Figure 1 Chromatin remodelling is central to SMC differentiation and phenotypic switching. Demethylation of H3K9 and H4K20 may permit decompaction of SMC marker gene chromatin in SMC stem cell precursors, permitting SMC differentiation to occur. 5 -7,19,73 -79 Non-SMCs, such as embryonic stem cells, endothelial cells, skeletal myoblasts, and 10T1/2 embryonic fibroblasts, retained H4K20diMe in these regions. In contrast, differentiated vascular SMCs displayed several specific histone tail modifications including acetylation (H3K9, H3K14, and H4) as well as methylation (H3K4diMe, H3K79diMe) at SMC marker gene CArG boxes. 5 -7 These latter modifications likely permit access of myocardin -SRF complexes and the co-activator HAT p300 to SMC-specific CArGs, activating transcription. 5 -7,26 -30,35 -40 Phenotypic modulation of SMCs with de-differentiating stimuli leads to removal of the above-described histone modifications from SMC CArG-box chromatin with the exception of H3K4diMe, which may help maintain SMC marker genes as euchromatin and permit re-differentiation under proper conditions. 6, 7, 68, 69 about this factor at this time apart from its involvement in monocytic leukaemia and haematopoietic stem cells. 47 The arginine methyltransferase Prmt2 is known to bind to RA receptors RARa and RXRa. 48, 49 It also is known to interact with another HAT, SRC-1. There is a possibility that Prmt2 and SRC-1 might relate to RA-mediating triggering of A404 SMC differentiation. Prmt2 transcription is up-regulated early in the process and then remains unchanged for the remainder. 19 Given the specific acetylation that accompanies SMC differentiation, further examination of the roles of various HATs in SMC state change is clearly warranted.
Histone deacetylases
Eukaryotic HDACs are divided into four classes. Class I HDACs (1 -3, 8) are typically found in the nucleus, and are similar to yeast RPD3. Class II HDACs resemble yeast HDA1, and are further divided into IIA (24, 25, 27, 29) located in either the nucleus or cytoplasm, and IIB (26, 210) generally found in the cytoplasm. Class III HDACs, known as sirtuins (SIRTs 1-7), are NAD-dependent enzymes similar to yeast SIR2 proteins. 50 Class IV is an atypical group that encompasses functional characteristics of Class I and II, and includes HDAC11. 51 In general, these proteins are thought to inhibit transcription through removal of key acetyl groups, leading to chromatin compaction and preventing binding of transcriptional machinery. In addition to their effects on histones, some HDACs perform protein deactylation in the cytosol. Differentiation of both skeletal and cardiac myocytes depends on relief from Class II HDAC inhibition, and substantial evidence also exists for a similar role in SMCs. 52 Trichostatin A (TSA), a selective inhibitor of Class I and II HDACs, inhibits SMC proliferation, accelerates differentiation in P19 cells, and stimulates acetylation at the transgelin locus in fibroblasts. 26, 53, 54 In addition, we found that TSA accelerated SMC differentiation in A404 cells treated with RA, leading to comparatively increased levels of acetyl-H4. 19 Some of the data on HDACs in SMCs are inconsistent, and likely depend to some extent on the model being evaluated. Qiu et al. 55 overexpressed HDACs 1-6, and found that all of them suppressed transactivation of transgelin by Smad3 and myocardin in 10T1/2 cells and PAC1s (a pulmonary artery-derived SMC line). Another study, however, showed that Class II HDACs 4 and 5 suppressed the ability of myocardin to activate SM a-actin and transgelin, while Class I HDACs 1 and 3 had no effect. 28 Notably, they also observed that A7r5 SMCs expressed HDACs1-2, and 4-7, but not HDAC3 or 9. We found that A404 cells, in contrast, expressed both Hdac3 and 9. However, Hdac3 was suppressed with differentiation while Hdac9 showed progressive up-regulation over time. Hdac6 essentially disappeared with SMC differentiation. We also noted a significant decrease in Hdac5 transcription during differentiation, consistent with relief of suppression of myocardin.
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A recent study looked at rat aortic SMCs in culture and a murine femoral artery wire injury model. 56 They found that serum feeding (a mitogenic, de-differentiation stimulus) induced HDACs 1-3 transcription in cultured SMC, while siRNA or chemical inhibition of HDACs 1 -3 using Scriptaid (similar to TSA) prevented seruminduced SMC proliferation. HDAC inhibition with Scriptaid prevented retinoblastoma (Rb) protein phosphorylation, regulated cyclindependent kinase inhibitors p21(Cip1) and p27(Kip), and decreased cyclin D1 expression. HDAC inhibition in vivo decreased neointima formation and expression of cyclin D1 in the wire injury model. KLF4 is known to negatively regulate SMC differentiation in culture and disease models.
57 KLF4 overexpression assays lead to loss of marker expression in SMCs, a process associated with the appearance of the H4 deacetylase HDAC2. 6 Notably, in A404 cells Hdac2 showed minimal change in expression during SMC differentiation, again likely due to differences between the experimental models.
19 Figure 2 Proposed role for the histone acetyltransferase p300 in regulation of SMC differentiation and phenotypic switching. 5,6,26 -30 Growth/proliferation and differentiation signalling pathways compete for limited amounts of p300. 31 -34 Inhibition of p300 HAT activity decreases SMC differentiation. 19 Activity of p300 depends in part on its phosphorylation state. SMC differentiation stimuli may trigger partial p300 degradation, and the formation of a p300 subpopulation with increased HAT activity per-molecule and SMC marker gene specificity, thereby affecting phenotype choice. 19 HDAC3, unique among Class I HDACs, forms a transcriptional repressor complex with NCoR or SMRT. Deletion of HDAC3 from the murine neural crest (but not HDACs 1, 2 or 8) results in significant vascular abnormalities and perinatal lethality with defective SMC differentiation.
58
HDAC7 appears to undergo alternative splicing during SMC differentiation from embryonic stem cells, leading to increased SRF-myocardin binding and activation of SMC gene expression. 59 HDAC7 has also been found to be required for Sp1-induced expression of SMC marker genes. 60 While chromatin deacetylation is the primary role ascribed to HDACs in SMCs, other regulatory mechanisms have also been attributed to them. Atypically for its class, Class I HDAC8 in SMCs appears to be a cytosolic marker of smooth muscle differentiation in human tissues. 61 HDAC8 is co-expressed in vivo with SM a-actin and SM-MHC, and is distributed along the stress fibres. Further, in human SMCs HDAC8, but not HDAC1 or HDAC3, is enriched in cytoskeleton-bound protein fractions. 62 Waltregny et al. have suggested, therefore, that HDAC8 may regulate the contractile capacity of SMCs. The Class III HDAC Sirtuin 1 (Sirt1) is a protein and histone deacetylase known for inhibiting differentiation of skeletal muscle via its direct involvement with Pcaf and p300 suppression through deacetylation. 63, 64 Its role in SMC phenotype determination is likely very complex. Sirt1 showed early and persistent down-regulation throughout A404 SMC differentiation. 19 Another member of the same family, Sirt3, was also significantly down-regulated. These data might suggest that relief from sirtuin suppression would enable p300 activation, with expected pro-differentiation effects in SMCs. However, Sirt1 was found to be down-regulated with injury in a murine carotid ligation and wire injury model, and overexpression of the protein in a transgenic mouse markedly inhibited formation of neointima. 65 Sirt1 overexpression in vitro also inhibited SMC proliferation and migration and induced cell cycle arrest. Further, resveratrol, a small-molecule activator of SIRT1, has also been shown to block neointima formation after arterial injury in a rabbit model. 66 A recent review pointed out that SIRT1 is a master regulator, with a large list of biologically important targets and interactions, many of which are known players in SMC phenotypic modulation. 67 As such, it may be active on several levels in this process.
Histone methylation-demethylation, and DNA methylation
Methylation and demethylation of histones represents a powerful epigenetic mechanism leading to gene activation or silencing. Beyond their findings of SMC-specific histone acetylation at SMC marker gene loci, McDonald et al. identified certain histone methyl-lysine patterns that were able to distinguish SMCs from non-SMCs, specifically H3K4 dimethylation and H3K79 dimethylation. 7 In the same vein, non-SMCs showed H4K20 dimethylation (a transcriptional silencing modification) in SMC CArG-box chromatin, while digestion experiments showed that SMC gene promoter chromatin was nuclease-accessible in SMC, but not in non-SMCs. Dimethylated H3K4 and dimethylated H3K79 seem also to enable recruitment of the SRF/myocardin complex to SMC marker CArG boxes. 5 -7,26,28 As mentioned above, treatment of SMCs with de-differentiating stimuli (PDGF-BB, injury, oxidized phospholipids) leads to removal of various acetyl-histone modifications from SMC CArG-box chromatin. It also leads to SMC marker gene histone demethylation at H3K79. However, H3K4diMe remains after these stimuli are applied, implying that this modification may be used to track cells from SMC lineage, distinguishing them from stem cells, and perhaps permitting the cells to re-differentiate into SMCs under more favourable conditions. 6, 7, 68, 69 Removal/absence of silencing methyl-histone modifications is likely central to SMC differentiation. There are two additional family members of myocardin, the myocardin-related transcription factors A and B (MRTFA and MRTFB) believed to have similar actions to myocardin. 70 These proteins are necessary for SMC differentiation in vivo and may have a key role in SMC phenotypic switching in disease. 71, 72 A study from Lockman et al. 73 found that the H3K9
histone demethylase Jmjda1 bound all three myocardin family members. Overexpression of Jmjda1 in 10T1/2 cells decreased mono-and di-methyl H3K9, and stimulated the transgelin and SM a-actin promoters. Several other HMTs from the SET family showed significant regulation during SMC differentiation of A404 cells. 19 One set member, Ehmt2/G9a, is thought to mono-and di-methylate H3K9. 74 Consistent with this, Ehmt2 was down-regulated in our study. Setdb1/ESET, which directs H3K9 tri-methylation, was also significantly down-regulated early in SMC differentiation. 75 In contrast, Suv39h1 (also known to cause H3K9 tri-methylation) was up-regulated-but very late in the SMC differentiation process. 76 This suggests that, once acetylated, SMC-specific H3K9 may no longer present a target for methylation. Indeed, one study established that the Polycomb protein Suz12 is required for tri-methylation of H3K9 in differentiated mammalian stem cells (independent of the SET domain-containing Ezh2, with which it forms a complex to tri-methylate H3K27). Knockdown of SUZ12 in human cells caused a reduction in both H3K27triMe and H3K9triMe, and altered the distribution of HP1alpha. 77 In keeping with these findings, A404 differentiation led to early and persistent down-regulation of Suz12. In SMC differentiation of A404 cells, we also noted downregulation of two chromobox homologues, Cbx1 and Cbx3. 19 The protein products of these genes (HP1beta and HP1gamma) recognize tri-methylated H3K9 and mediate silencing through chromatin remodelling to heterochromatin. 78, 79 This suggests that H3K9 demethylation at SMC-marker-gene promoters may trigger conversion to transcriptionally viable euchromatin during SMC differentiation. Methylation of DNA at CpG islands leads to heritable chromatin silencing. Vire et al. showed that the silencing pathways of the Polycomb group and DNA methyltransferase systems are mechanically linked. 80 We showed that SMC differentiation is associated with highly significant down-regulation of the DNA methyltransferases 3a and 3b. 19 This suggests that relief from Dnmt3a-and Dnmt3b-associated DNA methylation may prevent HDAC recruitment to SMC-specific genes during differentiation via methylCpG-binding proteins such as Mecp2 and Mbd2.
5. Selected factors known to regulate SMC chromatin structure 5.1 Kruppel-like factor 4 KLF4 acts as a negative regulator of SMC differentiation both in vitro and in disease models. 57 It accomplishes this in several ways, but in part through its impact upon SMC-gene chromatin. The effects of Chromatin remodelling of smooth muscle cells PDGF-BB, PDGF-DD, and oxidized phospholipids, all negative regulators of SMC marker genes in numerous models, appear to be dependent on Klf4. 69, 81, 82 This leads to an interaction between Elk1 and Klf4, which together bind to and suppress SMC markers. In this context, the SM a-actin gene is H4 hypoacetylated by HDAC2 and HDAC5, the latter of which has been found to interact directly with Klf4. 69 Interestingly, despite PDGF-BB and RA having opposite effects on SMC proliferation and differentiation, they both induce KLF4 expression. However, these substances change the acetylation state of KLF4 in different ways, causing it to preferentially bind to different regions within the transgelin/SM22a promoter. 83 RA treatment leads to phosphorylation of KLF4, facilitating its acetylation by p300, while PDGF-BB treatment causes KLF4 de-phosphorylation, permitting deacetylation by HDAC2. These modifications then alter the regional binding preferences of KLF4. This finding further implicates elements known to be involved in histone modification in the regulation of KLF4 suppression of SMC-marker genes. MicroRNAs represent another epigenetic mechanism exerting control over SMC differentiation state, exerting post-transcriptional repression through targeted mRNA degradation. This topic is more thoroughly reviewed elsewhere in this issue. However, it should be noted that murine SMC differentiation from embryonic stem cells (ESCs) in vitro has been found to be dependent on miR-1, which directly binds to and inhibits KLF4 transcription. 84 Additionally, TGF-b and BMP4 have been found to rapidly down-regulate KLF4 through induction of miRs-143 and -145. 85 Modulation of KLF4 appears to be a prerequisite for induction of contractile genes by TGF-b and BMP4. In a similar vein, miR-10a appears to be a key positive mediator of ESC-to-SMC differentiation in response to RA, acting at least in part through suppression of HDAC4. 86 
BRG1/SWI/SNF
As mentioned previously, other members of the myocardin family act as unique co-activators with SRF to induce SMC-specific gene activation. MRTFA [MKL (megakaryoblastic leukaemia)/myocardin-like 1] can activate transcription of transgelin, telokin, and SM a-actin, but not other SRF-dependent proliferation genes. 70 -72 The SWI/SNF complex is an ATP-dependent chromatin remodelling macromolecule, and is composed of 7-11 components including either of the ATPase subunits BRM (Brahma) or BRG1 (Brahma-related gene 1).
In models of atherosclerosis and in-stent restenosis, BRG1 in particular has been found to be up-regulated in SMCs in vivo. 87 Further, SMC marker gene induction in the murine heart by LIM-only CRP2 (a SMC differentiation co-factor) appears to be dependent on its binding to BRG1. 88 BRG1 or BRM appears to be critical for SMC-specific gene activation by MRTFA. 89 It has been suggested that weak binding of SRF to SMC marker gene CArGs recruits MRTFA, which then recruits the SWI/SNF complex to decompact local chromatin and permit differentiation.
PRISM
PRISM/PRDM6 (PR domain in smooth muscle) is a chromatinremodelling zinc finger protein in the PRDM (PRDI-BF1 and RIZ homology domain) family, and is found in SMCs, particularly during murine embryogenesis in the cardiac outflow tract and the descending aorta. 90 PRISM interacts with Class I HDACs and the histone methyltransferase EHMT2/G9a (euchromatic histone-lysine Nmethyltransferase 2) in SMCs. Overexpression of PRISM in vitro induced SMC proliferation, repressed myocardin and GATA6, while siRNA knockdown of PRISM induced SMC differentiation and slowed proliferation. While PRISM does not have intrinsic HMT activity, it may recruit EHMT2 (a H3K9 di-and H3K27 di-/tri-histone methyltransferase mentioned previously) to SMC regulatory regions and silence SMC marker expression.
Butyrate
A dietary HDAC inhibitor, butyrate, inhibits SMC proliferation. 91 SMCs exposed to butyrate show increased SMC CArG H3K9 acetylation and H3K4 dimethylation, and decreased H3S10 phosphorylation and H3K9 dimethylation. Untreated cells display the opposite covalent modifications. It has been suggested that, through these alterations, butyrate differentially alters G1-specific cell cycle proteins to cause SMC proliferation arrest, with failure to inhibit Rb activity.
Vascular pathological states; diabetes and thoracic aortic aneurysm
Environmental alterations due to vascular pathobiology may lead to chromatin remodelling in SMC non-marker genes, which may also cause persistent SMC phenotypic state change or predisposition. For example, vascular SMC derived from diabetic mice (db/db) continue to exhibit pro-inflammatory and pro-atherogenic characteristics even when placed in culture. Hyperglycaemia in these SMCs appears to increase miR-125, decreasing levels of target gene Suv39h1 (methyltransferase), and thereby decreasing H3K9-trimethylationrelated silencing of SMC inflammatory genes. This, in turn, leads to SMC hypersensitivity to inflammatory stimulation with tumour necrosis factor a. 92, 93 Similarly, SMCs derived from diabetic mice display low levels of lysine (K)-specific demethylase 1A, a protein that negatively regulates H3K4 dimethylation. These cells show H3K4me2 modification with increased transcription of the inflammatory genes monocyte chemoattractant protein-1, and interleukin-6.
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As another example of this phenomenon, the development of thoracic aortic aneurysms (from various causes) appears related to SMAD2 (SMAD family member 2) dysregulation. Recent work has shown that aortic SMCs in these patients develop constitutive overexpression of SMAD2 through increases in H3K9/14 acetylation and H3K4 methylation of the SMAD2 promotor, leading to changes in SMC phenotype. 95 
Conclusions and future directions
Chromatin remodelling appears to be central to determination of SMC phenotypic state, in permitting or denying access of the transcriptional machinery to SMC marker genes, in recruiting transcription factors and co-activators to these genes, and in durably defining the SMC lineage in the face of phenotypic switching. Also crucial is the recruitment or access denial of specific HDACs and HMTs to histones associated with SMC marker CArG regions. Certain histone tail modifications in these areas favour the differentiated SMC phenotype, while their absence occurs with dedifferentiation leading to lower expression of SMC markers. These include acetylation of H3K9, H3K14, and H4, and dimethylation of H3K4 and H3K79 (but not methyl-H4K20 and methyl-H3K9, which are markers of several non-SMCs and SMC precursors-see text above). H3K4diMe in particular appears to be a durable marker of the SMC lineage despite changes in differentiation state.
Factors such as KLF4, PRISM, and BRG1/SWI/SNF, act as key suppressors and mediators during this process, interacting with the myocardin family and being altered by phenotype-modifying stimuli while remodelling chromatin. Later studies must define whether and what additional histone modifications exist that alter or determine SMC phenotype, which triggers and co-factors are involved, and whether the observed modifications are the cause or result of SMC differentiation state change.
The HAT p300 has a large and diverse interactome, is present in limiting amounts among competing signalling processes (e.g. differentiation vs. proliferation and growth), modulates both chromatin and transcription factor activity, and itself acts as a myocardin co-activator. In SMCs undergoing differentiation, a decrease in p300 protein levels accompanied by activating covalent modifications may cause the factor to migrate from growth-based pathways to SMC differentiationspecific pathways. Future work must define more precisely the role of p300 in SMC phenotypic determination, along with those of other potentially contributory HATs, such as MYST3, PRMT2, and SRC-1.
Conflicting data surround the exact function of specific HDACs in determining SMC differentiation state, varying in different models. While it appears that relief from HDAC suppression is required for maintaining SMC differentiation, the role of specific HDACs remains to be established. The most consistent data are found for HDAC2 and HDAC5, which both down-regulate SMC marker gene expression. In contrast, HDACs 3, 7, and 8 appear to be key players in the process of SMC differentiation and in regulation of contractile function. The dynamic role of HDACs in SMC plasticity constitutes a rich area of future research.
Many open questions exist. There remains a need for a clear distinction between pericytes, SMCs, and myofibroblasts, as these cells may overlap significantly in structure, function, and contribution to disease processes. Additionally, whether SMCs can truly transdifferentiate to other cell types is unclear. Ultimately, we seek to make use of SMC phenotypic flexibility in the treatment of vascular injury and disease. Further study of SMC chromatin remodelling may provide some answers, and guide us towards new therapeutic options.
